Introduction
============

Most people with unipolar depressive disorder never seek professional help and among those who do, adherence to the therapies is often low because of side effects, stigmatization or poor outcome. Physical exercise has well-characterized positive effects on depressive symptoms, and can therefore be considered as a good nonstigmatizing treatment alternative.[@b1-ndt-13-967]--[@b3-ndt-13-967] The underlying biologic mechanisms are far from established; however, several models have been proposed, including changes in core body temperature, serotonin synthesis, hippocampal cell proliferation and reduced levels of proinflammatory cytokines.[@b1-ndt-13-967],[@b2-ndt-13-967] A recently discovered mechanism[@b4-ndt-13-967] has provided a new biological link between the physical exercise and depressive behavior in mice through the kynurenine pathway (KP).

The KP ([Figure 1A](#f1-ndt-13-967){ref-type="fig"}) is the main metabolic pathway by which the amino acid tryptophan is degraded. Its products include kynurenine, a metabolite able to cross the blood--brain barrier, as well as kynurenic acid (KYNA), a neuroactive metabolite that has been implicated in the pathophysiology of schizophrenia,[@b5-ndt-13-967] depression[@b6-ndt-13-967],[@b7-ndt-13-967] and other psychiatric disorders.[@b8-ndt-13-967]

The transcription coactivator PGC-1α1 (Peroxisome proliferator-activated receptor gamma coactivator 1-alpha1) is induced in skeletal muscle by physical activity and promotes muscle adaptation to exercise. Agudelo et al have recently shown that PGC-1α1 overexpression in skeletal muscle in mice induces the expression of kynurenine aminotransferases.[@b4-ndt-13-967] This leads to an enhanced conversion of peripheral kynurenine to KYNA, thus reducing the levels of kynurenine in the central nervous system, as KYNA is not able to pass the blood--brain barrier. Mice with an overexpression of PGC-1α1 are thus protected against depressive behavior induced by either chronic mild stress or administration of kynurenine. Improvement of depressive symptoms through physical activity could therefore be mediated by a reduction of kynurenine reaching the central nervous system.

A few studies have focused on physical activity and kynurenine metabolites. The picture, however, is incomplete as none of them has reported both kynurenine and KYNA levels. Lewis et al reported increased KYNA plasma levels in 25 human healthy subjects after they ran a marathon.[@b9-ndt-13-967] Another study found no difference in plasma kynurenine levels in patients with major depression (n=38) or healthy controls (n=48) after 1 week of daily moderate physical activity, although depressive symptoms in patients improved during the intervention.[@b10-ndt-13-967] Schlittler et al explored the effects of intense physical activity on KYNA levels and muscular PGC-1α1 in healthy subjects.[@b11-ndt-13-967] The authors showed that endurance exercise of 150 km road cycling increased the expression of PGC-1α1 and kynurenine aminotransferases in muscles and led to an increase of KYNA in peripheral blood which was observed 1 h after the exercise. Similar effects for KYNA were observed in another group of subjects who performed a half marathon race on a hilly course. However, no effects were seen in another group of subjects performing a less strenuous activity consisting of a series of 100 drop jumps. Finally, Strasser et al reported a 6% increase in serum kynurenine after an incremental cycle ergometer exercise test until exhaustion.[@b12-ndt-13-967]

Here, we address the question of whether a 12-week-long low-to-moderately intense physical exercise intervention influences peripheral levels of kynurenine and KYNA in patients with mild-to-moderate depression.

Materials and methods
=====================

Study population
----------------

This study was designed with material from the Regassa project ([www.regassa.se](http://www.regassa.se)), a randomized controlled trial that aimed at comparing the effectiveness of physical exercise, Internet-based cognitive behavioral therapy and treatment as usual in patients affected by mild-to-moderate depression. The study was performed between February 2011 and March 2013, with recruitment taking place from primary care centers in six different Swedish county councils. Patients scoring \>9 on the Patient Health Questionnaire-9 were invited to participate. The exclusion criteria were severe somatic illness, a primary alcohol or drug use disorder, or a psychiatric diagnosis that required specialist treatment. In total, 946 patients were included, among whom 317 were randomized to the 12-week physical exercise intervention. Ethical approval was granted by the regional ethical review board of Stockholm (2010/1779--31). All participating patients signed a written informed consent.

The authors observed larger improvement in depressive symptoms in patients in the exercise group than in the treatment as usual group at both 3 and 12 months follow-up.[@b2-ndt-13-967],[@b13-ndt-13-967]

Examination and physical exercise intervention
----------------------------------------------

Before the intervention (at baseline), depression status was assessed using the Montgomery Åsberg Depression Rating Scale (MADRS) and the Åstrand physical fitness test (sub-maximal ergometry) was performed.[@b14-ndt-13-967] Blood samples were collected before the test on the morning of the same day after a night fast using lithium heparin tubes, centrifuged at 1,700× *g* for 20 min at 4°C and stored at −20°C.

Participants were randomized to three different intensity groups: "light exercise" (yoga-like classes), "moderate exercise" (intermediate-level aerobics class) and "vigorous exercise" (high-intensity aerobics/strength training). Patients were recommended to train three times for 60 min per week during 12 weeks. Weekly meetings with a qualified personal trainer were used to assess adherence. If patients did not attend these meetings, they were contacted by phone or text message and encouraged to continue the intervention. The intensities of the classes were calibrated and the patients wore pulse watches when attending sessions in order to monitor the heart rate. The average heart rates, measured as percentages of the maximal heart rate (MHR; calculated as 220--age), over the session differed significantly between conditions (data shown as percentage of MHR \[95% confidence interval\]: light: 54.1 \[52.2--56.0\], moderate: 70.3 \[68.1--72.3\], vigorous: 76.2 \[73.9--78.6\]).[@b15-ndt-13-967]

Within 1 week after the 12-week intervention, the patients were invited to a follow-up assessment, in order to evaluate the MADRS score and the Åstrand score. The same day, a blood sample was drawn in the same conditions as in baseline.

We included all patients who had given blood before and after the intervention (N=117). MADRS data were available for all patients before the intervention and from 107 patients after the intervention. Åstrand data were available from 108 before the intervention and from 86 patients after the intervention. Characteristics of our cohort are given in [Table 1](#t1-ndt-13-967){ref-type="table"}. Regarding antidepressant medication, selective serotonin reuptake inhibitors were the most commonly used. The number of patients taking any kind of antidepressant medication dropped from 39 at baseline to 33 at follow-up.

Kynurenine and KYNA level measurements
--------------------------------------

Biochemical analyses were performed as described previously.[@b16-ndt-13-967] Shortly, plasma samples were deproteinated with perchloric acid. Metabolite levels were measured using an isocratic reverse phase high-performance liquid chromatography system coupled to a spectrometer set to a wavelength of 360 nm for kynurenine determination, and a fluorescence detector set to an excitation wavelength of 344 nm and an emission wavelength of 398 nm for KYNA determination. The mobile phase (50 mM sodium acetate and 7% acetonitrile, pH 6.2) was pumped through a ReproSil-Pur C18 column. A mobile phase containing 0.5 M zinc acetate was added to the mobile phase downstream of the column. The retention times for kynurenine and KYNA were \~4 and 8 min, respectively. The metabolite concentrations were calculated through measurement of a standard mixture of kynurenine (0.08--10 µM) and KYNA (0.6--30 nM). In order to verify the reliability of the method, some samples were measured in duplicates; the intraindividual variation was \<5%. In order to reduce interassay variation, corresponding patient samples were always measured together.

Statistical analyses
--------------------

The assumption of normality of distributions was assessed by Q--Q plots. Differences in metabolites were assessed by paired *t*-tests or Mann--Whitney *U* tests. Corrections for multiple testing are indicated by *P*~adj~. Correlations were calculated with Pearson's correlation. Statistical analyses were performed using R version 3.2.3, and graphical representations were created using the ggplot2 package.

Results and discussion
======================

As in the full study cohort,[@b2-ndt-13-967] the severity of depression as measured by MADRS score dropped significantly over the 12-week physical exercise intervention period in the analyzed subgroup with blood samples (n=117; *P*\<0.001; [Figure 1B](#f1-ndt-13-967){ref-type="fig"}). The kynurenine and KYNA levels were similar to the levels reported in healthy individuals in previous papers (kynurenine: 1.59±0.58 µmol/L, KYNA: 40.0±14.7 nmol/L),[@b16-ndt-13-967]--[@b18-ndt-13-967] but did not change over the intervention period in the whole study group or in any of the exercise intensity groups (*P*~adj~\>0.05; [Figure 1D](#f1-ndt-13-967){ref-type="fig"}).

The effects of smoking, heavy drinking, antidepressant medication, as well as the comorbidities listed in [Table 1](#t1-ndt-13-967){ref-type="table"} were assessed, but none had an effect on the baseline levels of the metabolites or the changes over the intervention period (*P*~adj~\>0.05).

No correlation could be found between the change in MADRS score and the change in levels of plasma kynurenine (*r*=−0.08, *P*=0.41) or plasma KYNA (*r*=0.03, *P*=0.77) between baseline and the 12-week follow-up ([Figure 1E](#f1-ndt-13-967){ref-type="fig"}). Likewise, no differences could be observed in the KYNA/kynurenine ratio between baseline and follow-up (*r*=0.19, *P*=0.37).

As expected, the cardiovascular fitness of the patients improved significantly over the 12 weeks of exercise intervention, indicating that the patients were indeed exercising. In the whole group, the Åstrand score improved from 31.7 mL/kg/min (standard deviation \[SD\]: 8.6) at baseline to 35.1 mL/kg/min (SD: 8.8) at follow-up (paired *t*-test: *P*\<0.001). Significant increases were also seen when analyzing the intensity groups separately, with a trend for increase seen in the moderate activity group, most probably due to small sample size ([Figure 1C](#f1-ndt-13-967){ref-type="fig"}). These changes indicate an important improvement in metabolic and cardiovascular health of the patients and are in line with other studies published on 12-week intervention programs.[@b19-ndt-13-967],[@b20-ndt-13-967] Although it has not been tested in depressed patients before, data on patients with schizophrenia indicate that familiarization effects are minimal.[@b21-ndt-13-967] The increase in fitness, however, was not correlated in any way to changes in kynurenine (*r*=−0.11, *P*=0.32), KYNA (*r*=−0.01, *P*=0.89) or the KYNA/kynurenine ratio (*r*=0.11, *P*=0.44; [Figure 1E](#f1-ndt-13-967){ref-type="fig"}). There was also no correlation between change in fitness and change in MADRS score between baseline and follow-up (*r*=−0.14; *P*=0.20).

Although both an effect on fitness and an amelioration of depressive symptoms were observed, physical exercise did not lead to any long-lasting changes in kynurenine, KYNA or their ratio. These results are in accordance with the results in healthy individuals reported by Schlittler et al, which showed that KYNA levels increased 1 h after intense exercise, but returned to baseline levels as quickly as 5 h later.[@b11-ndt-13-967] This showed a pattern similar to PGC-1α that increased rapidly after exercise, but returned to baseline within 6--24 h.[@b22-ndt-13-967] As in our study the blood sampling was performed within 1 week after the end of the training period, our measures do not give any indication about the acute level changes following the training sessions. However, as the intervention lasted for 12 weeks, we were more interested in the long-lasting changes than in the acute effects of the last training session. As no changes in kynurenine or KYNA concentrations were observed after 1 week, we can conclude that physical activity does not lead to long-lasting effects on peripheral kynurenine and KYNA levels. Previous studies on plasma levels of KYNA in depressed patients are not uniform.[@b7-ndt-13-967] While some studies showed similar KYNA levels in patients with major depression as in healthy controls,[@b23-ndt-13-967],[@b24-ndt-13-967] other studies pointed toward lower KYNA levels in patients.[@b16-ndt-13-967],[@b18-ndt-13-967] This difference could possibly be explained by patient selection and depression severity. Schwieler et al reported levels for treatment-resistant patients only,[@b16-ndt-13-967] whereas patients from our cohort were those from primary ward with mild-to-moderate depression and overall showed a very good response toward physical activity treatment.

Limitations
===========

Finally, it is also important to consider other limitations of the study. The Regassa study was designed on an intention-to-treat protocol in order to study the effects of prescription of physical exercise to mild-to-moderately depressed patients. The exact timing and the intensity of physical exercise for each patient are, therefore, not known. However, as quality control measures, patients were interviewed regularly and asked to wear pulse watches during the training sessions. This data indicates that overall the intended training protocol was followed. Also, the study design did not allow for muscle biopsies to analyze PGC-1α1. However, as no long-lasting differences could be seen in peripheral blood, no follow-up study including this analysis was planned. Finally, as no differences were seen, either in regard of the original hypothesis or in regard to antidepressant treatment, it was decided not to measure kynurenines in a control group.

Conclusion
==========

In conclusion, physical exercise positively affects mood and cardiovascular fitness, but does not lead to long-lasting changes in plasma levels of kynurenine and KYNA in patients affected by mild-to-moderate depression.

This work was supported by grants from the Stockholm County Council, the Swedish Medical Research Council ([www.vr.se](http://www.vr.se); 2009--5546 YF, 2009--7053 SE, 2010--3631 CL, 2014--10171 CL, 2013--2838 SE), the Swedish Brain foundation, Petrus och Augusta Hedlunds Stiftelse and Karolinska Institutet and the regional agreement on medical training and clinical research between Stockholm County Council and Karolinska Institutet (SLL20110560 CL, SLL20090281 YF, SLL20140484 CL), as well as Stiftelsen Sigurd och Else Goljes Minne. Regassa was funded by REHSAM/Vårdal foundation. We kindly thank all patients for participating in the study.

**Further information**

Data will be made available to all interested researchers upon request. Requests should be submitted to the REGASSA Board. Contact person: Elisabet Erwall, <elisabet.erwall@sll.se>.

**Author contributions**

CL, VM and YF conceived and designed the study. CL and YF planned and organized the sample collection. All authors planned the experiments and the statistical analyses. VM carried out the measurements by high-performance liquid chromatography and the statistical analyses, and was the major contributor in writing the manuscript. All authors contributed toward data analysis, drafting and revising the paper and agree to be accountable for all aspects of the work.

**Disclosure**

The authors report no conflicts of interest in this work.

![Overview of results.\
**Notes:** (**A**) The kynurenine pathway. Tryptophan is converted into kynurenine by TDO and IDO, which in turn is converted into either 3-HK and quinolinic acid by KMO or KYNA by KATs. Exercise has been shown to increase PGC-1α1 in skeletal muscles, which in turn leads to an increase in KATs. (**B**) MADRS score at baseline and follow-up in each of the intensity groups. (**C**) Åstrand score at baseline and follow-up in each of the intensity groups. (**D**) Kynurenine and KYNA levels at baseline and follow-up in each of the intensity groups. (**A**--**D**) Horizontal bars indicate the median, the first, and the third quantiles. The whiskers extend from the hinges to the highest or lowest value that is within 1.5 times the interquartile range. \*\**P*\<0.01; \*\*\**P*\<0.001. (**E**) Change in kynurenine and KYNA levels (level~\[follow-up\]~ -- level~\[baseline\]~) against the change in MADRS score (level~\[follow-up\]~ -- level~\[baseline\]~). (**F**) Change in kynurenine and KYNA levels (level~\[follow-up\]~ -- level~\[baseline\]~) against the change in Åstrand score (level~\[follow-up\]~ -- level~\[baseline\]~).\
**Abbreviations:** 3-HK, 3-hydroxykynurenine; IDO, indoleamine 2,3-dioxygenase; KATs, kynurenine aminotransferases; KMO, kynurenine monooxygenase; KYNA, kynurenic acid; MADRS, Montgomery Åsberg Depression Rating Scale; TDO, tryptophan 2,3-dioxygenase.](ndt-13-967Fig1){#f1-ndt-13-967}

###### 

Demographic and clinical characteristics of the cohort (N=117)

  Patient characteristics                                   Median (IQR)        Range
  --------------------------------------------------------- ------------------- ------------
  Age (years)                                               45 (34--53)         20--71
  BMI, kg/m^2^                                              25.3 (22.5--28.3)   17.1--35.4
  **n**                                                     **%**               
                                                                                
  Gender                                                                        
   Male                                                     42                  35.9
   Female                                                   75                  64.1
  Smoking                                                                       
   Yes (every day or sometimes)                             99                  84.6
   No (never or quit)                                       18                  15.4
  Alcohol -- hazardous drinker (audit \>7)                                      
   Yes                                                      20                  17.1
   No                                                       95                  81.2
   N/A                                                      2                   1.7
  Comorbidities at baseline                                                     
   Cardiovascular disorders including high blood pressure   13                  11.1
   Neurologic disorders                                     4                   3.4
   Musculoskeletal disorders                                20                  17.1
   Endocrine disorders                                      10                  8.5
   Respiratory disorders                                    5                   4.3
   Gastrointestinal disorders                               7                   6.0
   Renal disorders                                          4                   3.4
  Psychiatric medication at baseline                                            
   Antidepressants                                          39                  33.3
   Hypnotics                                                5                   4.3
   Anxiolytics                                              4                   3.4
   Antiepileptics                                           2                   1.7
   Antipsychotics                                           1                   0.9

**Abbreviations:** BMI, body mass index; IQR, interquartile range; N/A, not available.
